The seminal Urey−Miller experiments showed that molecules crucial to life such as HCN could have formed in the reducing atmosphere of the Hadean Earth and then dissolved in the oceans. Subsequent proponents of the "RNA World" hypothesis have shown aqueous HCN to be the starting point for the formation of the precursors of RNA and proteins. However, the conditions of early Earth suggest that aqueous HCN would have had to react under a significant number of constraints. Therefore, given the limiting conditions, could RNA and protein precursors still have formed from aqueous HCN? If so, what mechanistic routes would have been followed? The current computational study, with the aid of the ab initio nanoreactor (AINR), a powerful new tool in computational chemistry, addresses these crucial questions. Gratifyingly, not only do the results from the AINR approach show that aqueous HCN could indeed have been the source of RNA and protein precursors, but they also indicate that just the interaction of HCN with water would have sufficed to begin a series of reactions leading to the precursors. The current work therefore provides important missing links in the story of prebiotic chemistry and charts the road from aqueous HCN to the precursors of RNA and proteins.
■ INTRODUCTION
How life originated 1−13 on Earth is one of the most fundamental questions of science, and has generated considerable interest. Research and discussion has resulted in two principal positions that are held today: the "RNA World" hypothesis 14−19 and the "metabolism-first" principle. 20−23 According to the RNA World hypothesis, life on Earth originated from the self-replicating molecules of ribonucleic acid (RNA), 24−26 which is the polymeric form of activated ribonucleotides. 27−29 The metabolism-first principle argues, on the other hand, that simple metal catalysts were present in the water in early Earth and aided in creating a soup of organic building blocks that subsequently formed the biomolecules necessary for life. The RNA World hypothesis has gained increased acceptance in recent times, with several experimental studies 26−28,30−35 indicating how hydrogen cyanide (HCN), known to exist on prebiotic Earth, could have been the starting point of many synthetic routes leading to the formation of RNA and protein precursors (see Figure 1A) .
However, questions remain as to how HCN could have actually functioned in prebiotic conditions. As the famous Urey−Miller experiments have shown, HCN would have formed in the reducing atmosphere that existed during prebiotic times, 36 after which it would have condensed into the oceans. 13, 37 HCN has a low boiling point, but at high pH (8−10) , it is possible for it to exist in aqueous solution, even if the temperature of the water is 80.0−100.0°C. However, since the hazy atmosphere 38 of the Hadean Earth would have made it difficult for high-energy photons to reach the Earth's surface (much like the red surface of Titan today, because of a similar haziness in the atmosphere), a lot of the reactions shown in Figure 1 , which depend upon photochemistry or an electric spark, may not have been possible for aqueous HCN. Hence, the more plausible alternative would have been thermochemistry. It is possible that temperatures at the surface of the water bodies of early Earth (3.5−4.0 billion years ago) would have been about 80.0−100.0°C, 39 which suggest favorable conditions for thermochemistry, but if thermochemistry predominated in the oceans of early Earth, it could be argued that hydrolysis would have taken precedence over the polymerization of HCN. This is because HCN polymerization would have had to begin with HCN dimerization and the subsequent reaction of the product with more HCN molecules. In other words, the polymerization of HCN would have required a series of second-order reactions in HCN, while the competing hydrolysis of HCN would have simply required the HCN collision with the surrounding solvent water molecules. Indeed, previous studies 34, 40 have shown that in dilute aqueous concentrations of HCN, hydrolysis is favored over oligomerization.
Then, there is also the issue of too-high temperatures: experiments have shown 41,42 that at temperatures above 100.0°C
, decomposition of the formed RNA and protein precursors would occur. Therefore, the reactions would have had to happen around 100.0°C, 43, 44 which indicates that the barriers (ΔG values) of the reactions of monomeric HCN in water could have only been about 40.0 kcal/mol: previous computa-tional studies 45−49 have shown that chemical reactions occurring at temperatures of around 100.0°C have barriers in the region of 40.0 kcal/mol. Barriers higher than 40.0 kcal/ mol would have led to much slower reactions (or no reactions) at 100.0°C. Slower reactions may be possible at higher barriers, but this would lead to the possibility of other side reactions also becoming competitive and causing significant reduction in the formation of desired products.
Hence, for the RNA World hypothesis to be true, there are several constraints that have to be kept in mind: (i) thermal, not photochemical conditions, (ii) reactions where monomeric and not polymeric HCN would predominate, (iii) without mediation from metal catalysts, (iv) at temperatures not exceeding 100.0°C, and (v) having reactions with free energy barriers not exceeding 40.0 kcal/mol. To this list, one could add (vi) the need to avoid chemical processes involving the protonation of substrates, since HCN, with a pK a of 9.31, is a weak acid and would have largely remained in undissociated form in solution. The protonation of water would also have been suppressed since the pH of water has been estimated to be between 8.0 and 9.0 in prebiotic times at the surface of the ocean.
This list of conditions appears formidable and leads to the important question: could life have begun under these circumstances? This current work attempts to answer this question, through the agency of the ab initio nanoreactor (AINR).
The AINR method, recently developed, 50 allows one to obtain reaction pathways and products without controlling the chemical system in any way. 51, 52 This represents a major shift in what one can do with computational chemistry, because, using the AINR, one can now discover new reactions, completely independent of experimental input. This was demonstrated by Martinez and co-workers 50 when they found entirely plausible, new pathways for the formation of amino acids, from a computational re-enactment of the Urey− Miller experiment. 53 In the current work, we have conducted full quantum mechanical molecular dynamics (MD) simulations on systems employing the AINR approach on systems containing a mixture of molecules of HCN and H 2 O. The goal has been to follow the chemical reactions that can occur through collisions between the molecules and observe what new species are formed as a result. In short, our objective has been to perform the equivalent of an experimental study while satisfying the conditions outlined in (i−vi) above. Remarkably, we have found, as will be shown in the Results and Discussion, that just the interaction of HCN and H 2 O was sufficient to eventually lead to the formation of the experimentally reported precursor molecules to RNA and proteins:cyanamide, 27, [30] [31] [32] 54, 55 glycolaldehyde, 27,30,31,56−61 an oxazole derivative, 27, 62, 63 and the amino acid glycine 36, 53 ,64−68 (as shown in Figure 1B ). Furthermore, analysis of the data allowed us to determine the mechanistic pathways by which HCN and H 2 O reacted together to yield intermediates and, eventually, the RNA and protein precursors. We subsequently subjected these pathways to a full static quantum chemical study with density functional theory (DFT) and thus obtained all the barriers (ΔG # ) for the reactions involved in these processes, as well as the energies (ΔG) of the reactions. As will be discussed in the Results and Discussion, this has led to results that not only reveal interesting pathways for the formation of the precursor molecules beginning from aqueous HCN but also indicate that these mechanistic routes would have been thermodynamically and kinetically feasible.
■ RESULTS AND DISCUSSION
The AINR approach makes use of collisions between the molecules of HCN and H 2 O, and this provides the energy required to cross the activation barriers for each of the elementary steps of the reactions. The simulations have been done on systems having nearly homogeneously mixed HCN and H 2 O molecules as the starting reactants. Sixteen H 2 O and 15 HCN molecules were taken together, and the system was allowed to evolve for 750 ps. For more details, please see the Computational Methods section. Collisions between the molecules gave rise to new species. It should be noted that homogeneous mixtures of HCN and H 2 O do not represent the exact ratios of HCN and H 2 O present in a localized region of the early Earth oceans or hydrothermal vents. The reason such mixtures were employed was to maximize the possibility of interactions between HCN and H 2 O in the AINR. This would increase the probability of obtaining different products during the simulations. The goal of the AINR simulations was to obtain mechanistic pathways for the formation of different RNA and protein precursors beginning from HCN and H 2 O, pathways that could then be studied carefully with a static DFT and QM approach to ascertain their feasibility. Studying homogeneous mixtures of HCN and H 2 O afforded the best possibility of realizing this goal. Figure 2 below illustrates how a system starting with a mixture of HCN and H 2 O molecules evolves with time. An mp4 file (Supporting Information, Movie S1) of a movie made of a part of an AINR simulation is included in the Supporting Information.
The AINR approach thus leads to the discovery of new species from the starting compounds, and the analysis of the data through the connectivity graph (shown in Figure S1 , Supporting Information) allows the exploration of new mechanistic pathways. The next section discusses the results that have been obtained by this approach.
Analysis of the Reaction Pathways Leading to the Formation of Specific Compounds. Formation of the Protein Precursor: Glycine. The use of the nanoreactor produces as an output many different pathways to new species from the starting reactants. In most of the pathways, formaldehyde 3, urea 26, formaldimine 2, and glycolonitrile 4 were seen to be formed as intermediates. This suggests that these species were the key intermediates en route to the formation of the target molecules, as has also been noted by experimentalists. 29, 30, 35, 60, 63, 69, 70 Apart from this, a lot of diverse organic species were also observed to have formed during the simulations ( Figure S2 ). Moreover, small molecules such as CO 13, CO 2 11, and H 2 were produced ( Figure 3 ), and these were seen to take part in the synthesis of comparatively larger organic molecules. Figure 3 below describes how the relevant intermediates formic acid, CO, and CO 2 are formed from HCN and H 2 O, leading from HCN, 1, through the intermediate species 7, formamide 8, formic acid 9, to carbon monoxide, CO, 13. The complete free energy profile is shown in Figure S3 , Supporting Information. Figure 3 shows that species such as ammonia and dihydrogen were created in the AINR from the interaction between the HCN and water, and they turned out to be important substrates in subsequent reactions. This is interesting because it suggests that HCN and water would have created all the necessary reactants in subsequent steps. However, it could be argued that since the concentration of HCN would have been low such species would have been formed in low concentrations as well, which would have further reduced the yield of the subsequent products. The counter argument to this is that ammonia and other reactant species were also present separately in the oceans at that time because the protective haze of the Titan-like atmosphere would have prevented the photochemical degradation through UV of molecules such as ammonia in the atmosphere, and such molecules could have dissolved separately in the oceans as well and could be thus available for the reactions shown later in Figure 4 . Now, as we continue along this path, we find that important intermediate species: formaldehyde 3 and formaldimine 2 are formed during glycine 23 synthesis via several elementary steps (see Figure 4A and energy profile in Figure S5 ). These intermediates lead to the formation of glycine 23, the precursor to proteins. A perusal of the three most feasible pathways found for glycine formation (two are shown in Figure 4B and one in Figure S7 , Supporting Information) shows that 2 is present as an intermediate in all the cases. All the pathways are seen to proceed via stepwise elementary reaction steps. In one of the pathways, 2 reacts with hydrogen cyanide 1 to produce 20, which, through further stepwise hydrolysis, leads to 23. This is the well-known Strecker synthesis pathway. 64 That the AINR finds the same is gratifying and can serve as a validation for the computational approach. What is also satisfying is that the pathway does not involve protonation, which therefore agrees with condition (vi), mentioned earlier. We do note, though, that the AINR has also found another pathway, involving a trimolecular reaction between 13, 2, and water, with a five-membered transition state, which also leads to 23 (encircled in violet in Figure 4B ).
Pathways for RNA Building Units. The previous section discussed feasible pathways for the formation of the important protein precursor: glycine 23. In this section, we discuss how the AINR also yields feasible pathways for the formation of important RNA precursors such as cyanamide 29, glycoaldehyde (sugar) 6, and the oxazole derivative 33. The experimental synthesis of the sugar 6, one of the most important RNA precursors, is challenging, but several reports have emerged recently where this has been achieved. Recently, Sutherland and co-workers 60 synthesized sugar from HCN and H 2 O in the presence of a copper cyanide catalyst, through a photoredox cycle. They proposed a mechanistic pathway for the formation of the sugar 6 in the absence of the copper cyanide catalyst ( Figure S8A , Supporting Information), involving two reduction steps, through which HCN 1 would be reduced to 2 and 4 to imine 5 in the presence of an H 2 O catalyst molecule. We have calculated the barriers for these two processes (at the same level of theory as the mechanistic pathways investigated in the current work) and found them to be 83.2 and 85.8 kcal/mol respectively (see Figure S8B , Supporting Information). Interestingly, the results obtained from the current computational studies reveal a completely different pathway for sugar formation, avoiding the reduction steps. The feasible pathway derived from the nanoreactor for the formation of 6, where two molecules of hydroxymethylene carbene 17, the formation of which was discussed in the previous section (see Figure 4A ), dimerize with a low barrier to form 24, which further tautomerizes and leads to the formation of 6 (encircled in violet in Figure 4B ). This pathway is found to be facile, with reduction not involved in any of the steps, with the slowest step seen to be ∼37.0 kcal/mol, which is considerably lower (by more than 40.0 kcal/mol) than the barriers for the pathways (83.2 and 85.8 kcal/mol) that have been proposed in the literature. 60 The implication of this is that the process of forming sugar 6 would not have needed the presence and intervention of metal catalysts but would have been possible under thermal conditions, at temperatures of 80.0−100.0°C. For other pathways, please see Figure S9 , Supporting Information.
It is also interesting to note that Schreiner's group has recently reported 70 that carbene 17 is the intermediate en route to the formation of 6. The fact that the AINR discovers the same intermediate, carbene 17, to be important for the formation of 6 as this recent, independent, experimental study by Schreiner and co-workers is quite remarkable. We note, however, that the pathway that has been proposed for the transformation of 17 to 6 in the absence of solvent and base by Schreiner and co-workers (shown in Figure S10 , Supporting Information) is different from the one that we have discussed here. Since both the solvent and the base are relevant in our simulations (and in early Earth), it is quite likely that the facile pathways reported here transforming 17 to 6 represent avenues by which this important RNA precursor was formed in prebiotic Earth.
Cyanamide 29, another precursor of RNA, is formed via two important intermediate species isocyanic acid 28, or urea 26. 28 reacts with ammonia in the presence of H 2 O as a proton shuttling catalyst to produce 27, which is further dehydrated in the presence of an NH 3 molecule acting as a catalyst, leading to the formation of 29 (shown in Figure 5 and the energy profile in Figure S12 ). There are several other possible pathways for the formation of 28, which have been discussed in Figure S13 , Supporting Information.
During the nanoreactor simulations, apart from simple and complex acyclic organic compounds, numerous cyclic com- pounds such as oxazole, imidazole, as well as isoxazole derivatives were also seen to have formed (see Figure S14 , Supporting Information). Among these heterocyclic compounds, oxazole derivatives are among the more important, because 2-amino-oxazole is known to be an important precursor for RNA synthesis. 27, 62, 63 In our current work, we have shown a very feasible pathway for the formation of one of the oxazole derivatives 33 (encircled in violet in Figure 5 ) which is formed during the reaction between 8 with 4 (shown in Figure 5 , with the energy profile in Figure S5 , Supporting Information). For more information on the formation of cyclic products, please see Figures S7 and S15, Supporting Information.
Implications of the Current Work. HCN, as has been noted in the literature, may have occupied a "unique position in terrestrial pre-biological chemistry". 40 The current work shows that just the interaction between HCN and water as the starting reactants would have been sufficient to eventually lead to the precursors of RNA and proteins. This is significant because it shows that the reactions could have happened ubiquitously in the water bodies all over the Earth. What is also important is that all the conditions specified as (i−vi) earlier were adhered to during the simulations.
There are, however, important questions that need to be addressed. First, there is the issue of low concentrations of HCN in water in early Earth conditions, which would have reduced the concentration of the subsequently formed RNA and protein precursors. A resolution to this problem is suggested by a recent molecular dynamics report which indicates that in dilute systems the HCN concentration is an order of magnitude larger in the surface layer than in the bulk liquid phase. 71 Such HCN concentration effects at the surface of water bodies would have facilitated the chemistry described here. Furthermore, certain hydrothermal vents at the bottom of the ocean are in the vicinity of cold seawater, as well as ice. Recent reports suggest that HCN could be stabilized and concentrated at water−ice interfaces as well. 72, 73 Water containing this more concentrated HCN could then have seeped into the hydrothermal vents in the vicinity of the cold water−ice and undergone hydrolysis at higher temperatures inside the vents.
The other issue is with regard to the eventual products of the HCN hydrolysis. Our results show that the formation of precursor molecules of RNA and protein would have been feasible, but the question then is would these precursors have been formed in sufficient concentrations to then react with each other, in order to lead to greater complexity? One solution that can be provided to this problem is to invoke the idea of a "warm little pond" that had been suggested by Charles Darwin in 1871, 74 i.e., to consider shallow ponds, lakes, estuaries, or tidal lagoons in prebiotic times that would have had temperatures of about 100.0°C. The reactions discussed here could have happened in such water bodies, and then evaporation of the water would have led to increased concentration of the products formed. Such a scenario would have led to greater interactions between the molecules formed, and thus, to more complex molecules. It is also possible that such precursors could have seeped out with water from hydrothermal vents and been concentrated at water−ice interfaces in the vicinity of the vents, which would then have allowed subsequent, more complex molecules to have emerged.
Another clarification that should be made is with regard to the specified condition (iii) in the Introduction, regarding the need to have chemical reactions occurring without the need for metal catalysts. This condition increases the probability of the chemical reactions taking place all over the Earth's oceans, and not just in the few, select regions of the Earth where metal based catalysts were available. However, in the regions where metal based catalysts were available in early Earth, their presence would have been beneficial and accelerated the formation of the precursors for RNA and proteins.
The other salient points gleaned from the AINR studies are as follows:
(i) As the pathways found for sugar formation (see Figure  4B ) indicate, lower barriers have been obtained for chemical conversions when an pathway alternative to reduction was found (see the respective steps in the reduction pathways, shown in Figure S9 , Supporting Information). This corroborates experimental observations that indicate that reduction was generally avoided in prebiotic chemistry. 75 Figure 5 . Formation of the target species: cyanamide and the oxazole derivative. The values are in kcal/mol.
(ii) The formation of low valent species such as carbenes (17, 12, 14, 15, 16 , NH 2 COH) is an important reason why most of the barriers for the mechanistic pathways discovered through the AINR approach were seen to be reasonable to low. This interesting fact echoes previous hypotheses that low valent main group compounds are important intermediates in mechanistic cycles. 70,76,77 ( iii) The AINR was seen to exploit H 2 O or NH 3 molecules as proton shuttling catalysts in most of the elementary reaction steps. This, again, has relevance in the context of recent reports, 50, 78, 79 suggesting that a lot of biology occurs with the mediation of H 2 O as a proton shuttling catalyst. Moreover, the role of NH 3 as a proton shuttling agent has also been explored in the literature. 80−83 ■ CONCLUSION
The current work shows that interaction between only two different moleculesHCN and H 2 Owould have been sufficient to give rise to most of the important precursors to RNA and proteins in prebiotic times. Taking advantage of the recently developed AINR method, 50 which has allowed us to discover new reaction pathways, we have shown that cyanamide, glycoladehyde, oxazole derivative, and glycine all could have been formed from only a single carbon and nitrogen source molecule: HCN and a single oxygen source molecule: H 2 O, at temperatures of about 80.0−100.0°C. Pathways that were found to be feasible were seen to avoid the reduction step, corroborating previous experimental reports. 75 Most of the steps of the discovered mechanistic routes have barriers that are low to moderate, with only a few higher barriers of ∼40.0 kcal/mol, which suggests that the reactions could have occurred without the mediation of metal catalysts and through the aid of thermochemistry alone. This insight is valuable because it helps to explain how the reactions could have taken place in the absence of photochemical activity on the surface of Earth's oceans. Furthermore, the RNA and protein precursor molecules were obtained during the simulations in "one-pot", i.e., during a single simulation in the AINR. These findings make it possible to imagine that the molecules necessary for building larger, more complex entities such as RNA and proteins could have existed and interacted together in at least some of the water bodies present in early Earth. The current work thus indicates that HCN and H 2 O could have been the Adam and Eve of chemical evolutionthe source of the precursor molecules that formed the basis of life on Earth.
■ COMPUTATIONAL METHODS
Ab Initio Molecular Dynamics (AIMD) Simulations. The nanoreactor AIMD simulations were performed with the TeraChem 1.9 software package 84−90 using the Hartree−Fock (HF) 91 electronic wave function and the 3-21g(d) Gaussian basis set, 92 to calculate the Born−Oppenheimer potential energy surface. This method has been implemented in TeraChem by Martinez and co-workers. 50 This approach was deemed acceptable because the HF method is well-known for predicting chemically reasonable structures. 93 Also, it should be noted HF was not employed to determine barrier heights and reaction rates: its only role was in the discovery process. This was also the approach employed by Martinez and coworkers in their original AINR paper (employing HF/3-21g), where they replicated the results obtained from the Urey− Miller experiment, as well as from the interaction of acetylene molecules. 50 We note here that we did also attempt discovery in the AINR simulations with DFT using the B3LYP density functional and the 3-21g(d) basis set and did find the preliminary intermediates (formamide, formic acid, formaldehyde and others) through this approach as with HF/3-21g(d). However, this was at greater computational expense and did not appear to give different results from the HF/3-21g(d) approach. Hence, we have limited the discovery process to HF/3-21g(d) in the AINR simulations.
The AINR simulation results that have been discussed here pertain to the case in which 16 H 2 O and 15 HCN molecules were taken together in a spherical box of radii 10.0 and 3.5 Å (the system alternated between the two radii, in order for the collisions to take placesee original paper by Martinez and co-workers 50 ). This system was allowed to evolve for 750 ps and generated the intermediates and reaction pathways that have been discussed. Additionally, we have also performed several AINR simulations where we varied different parameters, such as (i) the ratio of the reactant species, (ii) the total number of molecules taken in the simulation box, (iii) the spherical boundary conditions, (iv) the temperature, and (v) the total time of the AIMD simulations. The results obtained by changing the parameters (i−v) have been discussed in the Computational Details section in the Supporting Information. In general, they indicate that while most of the intermediates were discovered by varying (i) to (v), the most comprehensive results were obtained from the simulation case described in the manuscript: taking 16 H 2 O and 15 HCN molecules in a spherical box of radii 10.0 and 3.5 Å. Moreover, for this case, multiple simulations were also performed from the same initial configuration and were seen to give rise to all the desired intermediates and products (following the same mechanistic pathways), although the time of formation of these species during the simulations was seen to change from simulation to simulation.
Newton's equations of motion were calculated using Langevin dynamics with an equilibrium temperature of 2000.0 K (also the starting temperature of the dynamics). We have used this high temperature in order to increase the average kinetic energy of the reactant molecules and for faster dynamics, allowing the overcoming of noncovalent interactions without the breaking of covalent bonds. This, too, follows the example of the work with the AINR done by Martinez and coworkers. 50 The nanoreactor simulations employ a piston to accelerate the reaction rate. We have employed the augmented direct inversion in the iterative subspace (ADIIS) algorithm 94 available in TeraChem as an alternative tool for self-consistent field calculations at each AIMD step in which the default DIIS algorithm 95 failed to converge. Spherical boundary conditions were applied to prevent the molecules from flying away, a phenomenon known as the "evaporation" event. For further information on the spherical boundary conditions, analysis of simulation trajectories by NetworkX, Numpy, and Graphviz Python libraries, please see the Supporting Information.
The mechanistic pathways obtained from the AINR simulations were then analyzed as follows: (i) all the reactant, intermediate, and transition state structures were optimized with high level density functional theory (DFT) calculations, using the Turbomole 7.0 software package at the B3LYP-D3/ TZVP+COSMO(ε = 80.0) level of theory, (ii) single point calculations were then done at both the coupled cluster (RICC2) as well as the Møller−Plesset second order perturbation (RIMP2) levels of theory in order to obtain the electronic energies. Hence, the calculations have been done at the B3LYP-D3/TZVP+COSMO(ε = 80.0)//RI-CC2/TZVP +COSMO(ε = 80.0) and the B3LYP-D3/TZVP+COSMO(ε = 80.0)//RI-MP2/TZVP+COSMO(ε = 80.0) (values shown in parentheses in the free energy profiles) levels of theory. Further, entropic and internal energy contributions were determined by frequency calculations at the B3LYP-D3/ TZVP+COSMO(ε = 80.0) level of theory. Volume corrections were also included for the translational entropy term. Moreover, in addition to these calculations done with Turbomole 7.0, Gaussian 09 was also employed to obtain the free energy profiles, at the B3LYP-D2/6-311++g 
